This study compared the removal efficiency of 22 widespread trace organic contaminants by a laboratory-scale membrane bioreactor (MBR) with and without direct addition of powdered activated carbon (PAC) into the activated sludge reactor over a period of 312 days. The removal of hydrophilic and biologically persistent trace organic contaminants was immediately improved to above 95% after the addition of PAC into MBR. However, a compound-specific gradual decrease in removal underscored the requirement for the addition of fresh PAC. Adsorption onto PAC-added sludge appeared to play a significant role in the relatively more effective aqueous phase removal of a few resistant compounds such as carbamazepine in this study. 
Introduction
A great number of natural and anthropogenic trace organic contaminants have been detected in raw sewage and sewage-impacted water bodies all over the world at concentrations up to a few µg/L
[1]. These trace organic contaminants include pharmaceutically active compounds (PhACs), steroid hormones, pesticides and industrial chemicals and their metabolites. Given their potential adverse effects on human and other biota, their removal is of utmost importance to protect the environment and ensure provision of safe drinking water. However, because the conventional water and wastewater treatment processes were not designed with this specific aim, effective removal of all kinds of trace organic contaminants cannot be expected by these [2] .
Membrane bioreactors (MBRs) demonstrate superior performance over conventional activated sludge (CAS) processes in terms of basic effluent quality parameters [3] . By compactly combining a bioreactor with membrane filtration units, MBR has the potential to produce effluent suitable for reuse. Thus there has been considerable research effort on the assessment of trace organic contaminant removal by MBR treatment. Research suggests that compared to CAS, MBR often results in better and/or more stable removal of trace organic contaminants possessing moderate to high biodegradability [2] . However, significant variation in MBR removal performance, particularly for biologically persistent hydrophilic compounds, has been noted in several recent studies [4] [5] [6] . Strategies explored in recent studies to enhance the removal of trace organic contaminants include fine tuning of operational parameters such as hydraulic retention time (HRT), sludge retention time (SRT) [7, 8] , pH [9] and temperature [10] . Adsorption on activated sludge, potentially followed by biodegradation is the main mechanism that accounts for the removal of trace organic contaminants by MBR [2, 4, 6, 11] . A way to increase adsorption of trace organic contaminants is to add powdered activated carbon (PAC) or granular activated carbon (GAC) to the bioreactor. It has been also suggested that a significant increase in the retention of soluble contaminants onto PAC-added sludge may enhance the biodegradation of slowly biodegradable compounds [12] .
A number of studies have investigated the application of PAC within an MBR (PAC-MBR) in relation to membrane fouling mitigation [13] [14] [15] . Despite the likelihood of enhanced biodegradation of biologically persistent organic compounds in a PAC-MBR system, few of them have, in fact, assessed or reported on this aspect. To date, PAC-MBRs have been explored with different sources of wastewater [12, [16] [17] [18] [19] , but only a few studies have specifically explored PAC-MBR for the removal of trace organic contaminants [20] [21] [22] [23] . In addition, some studies have explored adsorption of contaminants on either PAC [24] or GAC [25] as a post treatment following MBR treatment with encouraging results. Previously reported data confirmed enhanced removal of selected biologically persistent trace organic contaminants from aqueous phase by adding PAC into MBR.
However, a comprehensive understanding of the phenomena involved, particularly the simultaneous effect of PAC dose and the physicochemical properties of a range of compounds, are yet to be elucidated.
The aim of this study is to compare the long-term removal efficiency of 22 selected trace organic contaminants from a synthetic municipal wastewater by both MBR alone and direct addition of PAC into MBR (PAC-MBR). The addition of PAC into MBR was assessed as a potential tool to provide additional removal capacity for persistent trace organic contaminants. Special focus was given to the effect of the PAC dose and the physicochemical properties of the trace organic contaminants on their removal efficiency by the PAC-MBR system. In addition to information regarding removal from aqueous phase, the extent of adsorption of the target compounds onto sludge is also investigated.
Materials and Methods

Model trace organic contaminants and synthetic wastewater
A set of 22 trace organic contaminants (Table 1) 
TABLE 1
Laboratory scale MBR system and experimental protocol
A laboratory scale MBR system (Supplementary Data Figure S2 ) consisting of a 4.5 L (active volume) glass reactor was employed. A hydrophilized PVDF hollow fibre membrane module (Mitsubishi Rayon Engineering, Japan) with a membrane nominal pore size of 0.4 µm and a total surface area of 0.074 m 2 was submerged into the reactor. As the main focus of this study was on trace organic contaminant removal performance, a stable hydraulic performance under minimised membrane fouling was highly desirable and, owing to the small reactor volume, any periodic in situ membrane backwashing would significantly dilute the reactor media. Therefore, the membrane was operated under a low average membrane flux such that significant membrane fouling, requiring periodic cleaning, could be avoided. The membrane was operated on a 14 min -suction‖ and 1 min -relaxation‖ cycle under an average flux of 2.7 L/m 2 .h, resulting in a hydraulic retention time of 24 h. Notably, the flux and HRT used in this study are similar to those in the study of Lesage et al. [17] . The transmembrane pressure (TMP) was continuously monitored using a high-resolution (± 0.1 kPa) pressure sensor (SPER scientific 840064, Extech equipment Pty. Ltd, Victoria, Australia)
to detect probable onset of fouling. During continuous operation without any routine cleaning, exsitu chemical cleaning had to be performed only twice (on day 186 and 306) over the whole operation period (312 days). During ex-situ cleaning, the membrane was soaked into sodium hypochlorite solution (0.5 g active chlorine per litre) for 60 min and then backwashed with a freshly prepared sodium hypochlorite solution at a flux of 9 L/m 2 .h for 30 min.
The reactor was seeded with activated sludge from another laboratory scale MBR system which had been running for over 3 years. The synthetic wastewater (containing the trace organic contaminants along with the other nutrients, see section 2.1) was added continuously into the reactor via a feed pump at flow rate of 3.1 mL/mim. Air was supplied via a diffuser located at the bottom of the aeration tank to maintain dissolved oxygen (DO) concentration at 4 ± 1 mg/L throughout the operating period. The temperature of the mixed liquor was maintained at 22.0 ± 0.1 o C and the pH of the mixed liquor remained stable within the range of 7.2 -7.5.
The experiment was conducted over a total 312 days, with a 51 day start-up period, 153 days of MBR-only operation and 100 days of operation in PAC-MBR mode (Supplementary Data Table   S3 ). This protocol of stepwise assessment of performance in the same bioreactor, first without PAC and then with PAC, is in line with that in previous studies [17, 20] . At the end of the start-up phase, the 22 trace organic contaminants were added to the synthetic wastewater. [26] and methods utilised in our previous studies [6, 10] .
Duplicate samples of both influent and effluent were taken once a week for trace organic contaminant analysis throughout the operating period. The concentration of target organic contaminants in MBR influent and permeate samples was measured by a previously reported [10] analytical technique involving solid phase extraction, derivatisation and quantitative determination Table S4 ).
Removal efficiency was calculated as
, where C Inf and C Eff are influent and effluent (permeate) concentrations of the trace organic contaminants, respectively.
Results and discussion
Sludge characteristics
MLSS concentration
During the first 205 days of MBR operation, the MLSS concentration in the reactor increased gradually from 3.2 to 11.5 g/L. However, after PAC was added to the reactor, no significant changes in MLSS concentration were observed apart from a slight decrease toward the end of the experiment. Our observation is in line with that of Lesage et al. [17] who reported slower MLSS build up following PAC addition to MBR. Seker et al. [27] also reported slower sludge production rate in case of a biofilm developed on activated carbon surface as compared to a suspended culture.
They attributed this to insufficient substrate transfer to the inner region of the biofilm. Notably, the ratio of MLVSS/MLSS was stable throughout the period of MBR and PAC -MBR operation (Table 3) . During operation without PAC, in an MLSS concentration range of 3.2 to 11.5 g/L, no significant difference was observed in TOC/TN (Section 3.3) and trace organic contaminant removal (except for seven resistant trace organics which showed variable removal throughout the MBR-only operation, Section 3.4). Therefore, the effect of slight change in MLSS concentration on removal performance during PAC-MBR operation can be considered negligible.
TABLE 3
Turbidity, sludge volume index and specific oxygen uptake rate
In an MBR, an increase in supernatant turbidity may be associated with sludge deflocculation which may have impacts on both membrane fouling and removal performance [10] . In our study, slightly higher levels of SVI and supernatant turbidity were observed at the beginning of MBR operation (Table 3 ). This might be expected given the more dispersed nature of any flocs and, hence, poorer settling properties at the beginning of MBR operation [22] . SVI and supernatant turbidity values decreased significantly after 100 days of operation and remained stable through to the end of the operation period. This suggests stable sludge flocs were formed during the majority of the experiment when removal of trace organic contaminants was monitored. Previous studies have reported that addition of PAC into MBR can enhance flocs formation [17, 22] and sludge settling. Nevertheless, in this study no significant change in SVI value was observed after PAC addition as the sludge had already achieved good settleability beforehand.
SOUR can be used to assess microbial activities at different periods of operation of a biological reactor [28] . In this study, the SOUR values varied slightly before and after addition of PAC (Table   3 ). Stable operating conditions (Table 3 ) helped achieve continuous biological stability as suggested by supernatant turbidity, SVI and SOUR (Table 3) , and the stability of biological performance is further supported by the consistency of TOC and TN removal levels (Section 3.3).
TMP profile
As noted in section 2.2, except for periodic relaxation (14 min on and 1 min off), in this study, no regular backwashing was applied to avoid dilution of the reactor media. Although a very low average membrane flux was applied to minimise fouling under the circumstances, flux and TMP were recorded throughout this work to detect any abrupt changes.
As can be seen in Supplementary Data Figure S4 , TMP remained stable during the 51 day start-up period. No abnormal TMP-increase was observed following the introduction of the trace organic contaminants to the feed solution. Direct addition of PAC into an MBR has been widely reported to mitigate membrane fouling via several mechanisms including adsorption of membrane foulants on PAC, scouring action of PAC, changing the composition and permeability of the cake layer and improved flocculation of MLSS [14, 15, 29] . By contrast, a few studies have reported that the addition of PAC directly into MBR does not improve membrane performance [12] but can rather promote membrane fouling [30, 31] . In our study, vigorous aeration was applied to maintain an adequate DO level within the reactor and avoid settling of sludge at the corners of the reactor.
However, as the reactor design was not hydrodynamically optimised, this mixing was found to be insufficient to avoid settling of sludge at certain locations in the reactor and accumulation of sludge onto the membrane surface. One can notice from Supplementary Data Figure S5 that a cake layer appeared to cover more membrane area during the operation with PAC. Greater coverage of the membrane area by a cake layer may be one reason why PAC addition resulted in slightly faster TMP-rise in the current study. By comparing two MBRs operated in parallel with 0.75 and 1.5 g/L PAC, Ying et al. [31] attributed the faster TMP increase in case of the higher PAC dose to the increased probability of PAC particles depositing on the membrane surface. Drawing any conclusions about the role of PAC on the mitigation of membrane fouling is beyond the scope of this study. However, because the variation in TMP was not significantly different before and after PAC addition, the effect of TMP on the observed trace organic contaminant removal trends can be considered negligible.
TOC and TN removal
The removal efficiencies of both TOC and TN remained relatively constant during the entire experiment ( Figure 1 ) despite considerable variation in MLSS concentration in the reactor (Section 3.1.1). The high removal of TOC irrespective of MLSS concentration was in good agreement with previous literature [9] . It is also worth noting that the removal of TOC did not deteriorate after adding the trace organic contaminants in the synthetic wastewater. A similar observation was made by Li et al. [20] who found that continuous high dosing (750 µg/L) of trace organic contaminants (carbamazepine and sulfamethoxazole) to the feed solution for extended periods did not have any discernible adverse effect on TOC and TN removal.
TOC removal was already 98 ± 2 % before the addition of PAC, and this was little changed under the PAC -MBR system. By contrast, the removal of TN in this study was 46 ± 15 %. This, however, was expected as the MBR contained no anoxic zone to support simultaneous nitrification and denitrification. It has been previously reported that PAC shows negligible removal of ammonium containing compounds through physical adsorption due to their high polarity and solubility in water [32] . In line with the report of Sagabo et al. [32] , no discernible increase in TN removal after addition of PAC was noticed in this study.
FIGURE 1
Removal of trace organic contaminants 3.4.1 Removal by MBR-only treatment
Possible removal mechanisms for trace organic contaminants during MBR treatment include biodegradation, adsorption to the biomass, volatilisation and physical retention by the membrane [2, 4, 6] . With a nominal pore size of about 0.4 µm, the membrane used in this study was not expected to directly retain any trace organic contaminants. In addition, given the very low Henry's constant (H) and low H/log D ratio for all compounds selected in this study (Table 1) , their removal by volatilisation was expected to be negligible. Therefore, adsorption onto sludge (and subsequent retention by membrane) and biodegradation can be considered to be the two main mechanisms responsible for the removal of trace organic contaminants in this study.
In good agreement with several previous studies [2, 4, 6, 33], we observed greater than 90% removal of four steroid hormones (estrone, 17-α-ethynylestradiol, 17-β-estradiol and 17-β-estradiol-17-acetate), four alkyl phenolic surfactant and industrial compounds (bisphenol A, 4-tertbutylphenol, 4-tert-octyphenol and 4-n-nonylphenol) and a phenolic personal care product (triclosan). All of these steroid hormones and phenolic compounds possess significant hydrophobicity (log D > 3.2). It has been suggested previously that removal of hydrophobic compounds is dominated by adsorption on sludge which may facilitate subsequent biodegradation [6, 34] . On the other hand, there was a significant variation between the removal efficiencies of the hydrophilic compounds (log D < 3.2). According to a simple quantitative framework proposed by Tadkaew et al. [6] , electron withdrawing and donating functional groups play an important role in determining the extent of biodegradation, and, thus, the overall removal of the hydrophilic compounds. In the current work, of the 13 hydrophilic trace organic contaminants (log D < 3.2), metronidazole, fenoprop, ketoprofen, naproxen, diclofenac, carbamazepine and pentachlorophenol were particularly resistant to MBR treatment (Figure 2) , possibly due to the presence of one or more strong electron withdrawing functional groups (e.g. chlorine, amide and carboxylic) and/or absence of strong electron donating functional groups (e.g. hydroxyl). This is in good agreement with previously reported data [2, 4, 6, 10]. In batch adsorption tests conducted following the procedure described in Li et al. [20] , the adsorption of the seven problematic hydrophilic compounds (log D < 3.2) on activated sludge (without PAC) ranged from 100 to 900 ng per g of MLSS, while that on PAC ranged from 40 to 250 mg per g of PAC (data not shown). The rapid increase in removal efficiency of the aforementioned seven biologically persistent hydrophilic compounds after PAC addition to MBR reconfirmed that the biological sludge only had a limited capacity to adsorb these compounds and that PAC-amended sludge provided a better surface to adsorb and remove more of them (Figure 2 ).
Significant adsorption of the hydrophilic compounds onto PAC-amended sludge may be explained by the fact that other mechanisms apart from hydrophobic interaction can play a role in the adsorption of target compounds onto activated carbon [35] [36] [37] [38] .
In this study, the removal efficiency of some compounds (metronidazole, fenoprop, naproxen and [20, 21] , ii) pore blockage by bulk organic matter including products of microbial degradation and dead microbial cells reduces the adsorption capacity of target compounds on PAC [40, 41] . Fenoprop and diclofenac showed extraordinary persistence ( Figure 3 and 4) . The variation in removal efficiency for different compounds may be attributed to the adsorption affinity of each compound on PAC. Different degrees of affinity of trace organic contaminants toward PAC have been reported in the previous studies [22, 42, 43] . For instance, Westerhoff et al. [43] reported that ibuprofen adsorbed poorly (20%), while trimethoprim and fluoxetine adsorbed highly (90%) on PAC. Yu et al. [42] reported that naproxen and carbamazepine, but not diclofenac, could be effectively removed by PAC adsorption. Of particular relevance to our study, in a PAC-MBR study, Serrano et al. [22] reported that most of the compounds (e.g., carbamazepine, naproxen and diclofenac) could be significantly removed after adding PAC to the MBR; however, the adsorption capacity of PAC eventually became saturated in that study. The order of compounds in terms of decreasing removal efficiency was shown to be: ibuprofen > carbamazepine > naproxen > diclofenac [22] . Our results are in good agreement with this observation.
FIGURE 4
Removal performance versus loading on PAC
In contrast with the case of 0.1 g PAC/L, after approximately one month of the application of 0.5 g PAC/L, the removal of none of the compounds dropped to the level attained by MBR-only treatment (Figure 4 ). More specifically, even one month after raising the PAC concentration in the MBR to 0.5 g/L, the removal of ketoprofen, naproxen, carbamazepine and pentachlorophenol was sustained at 90%, while fenoprop, diclofenac and metronidazole were removed with an efficiency of 60 to 70%. Our observation regarding the effect of PAC dose is in line with that of Li et al. [20] who observed that when the PAC concentration in an MBR was raised to 1.0 g/L from 0.1 g/L, the removal efficiency of carbamazepine increased to 92 ± 15% from negligible removal. However, the more stable removal efficiency of certain compounds at the higher PAC dose (0.5 g PAC/L) over one month (Figure 4 ) appears to reflect the situation that for this dose the PAC adsorption capacity was not exhausted within this period. This can be clarified by Figure 5 which shows that the removal efficiency of fenoprop and diclofenac indeed reduced gradually with operation time even in case of the higher PAC dose, suggesting gradual saturation of the adsorptive capacity of PAC.
FIGURE 5
For a valid comparison of performance between the two doses of PAC, treated volume per unit weight of PAC needs to be considered. The removal efficiency using the two PAC doses taking into consideration the treated volume per unit weight of PAC (L/g) was compared in Figure 6 for fenoprop and diclofenac, which showed extraordinary persistence in this study. In fact, up to a PAC usage rate of 120 L/g (corresponding to 12 and 48 days of operation at 0.1 g and 0.5 g/L doses, respectively), better (fenoprop) or similar (diclofenac) levels of removal was achieved using a PAC concentration of 0.1 g/L. It is note-worthy that immediately after adding into MBR, PAC can adsorb a wide range of bulk organic matter including products of microbial degradation and dead microbial cells [44] . Our results suggest that, up to a certain level of loading on PAC, in order to minimize loss of adsorptive sites due to adsorption of bulk organics and consequently reduce overall PAC consumption, the application of relatively frequent but smaller dosage of PAC may be recommendable.
FIGURE 6
In addition to the aqueous phase removal, the fate of trace organic compounds adsorbed on MLSS is also important. At the end of this study, the mass of the compounds adsorbed onto per unit mass of the PAC-added sludge was estimated (Supplementary Data Figure S6 ). Interestingly, the concentration of nine hydrophobic compounds varied greatly (110 -7390 ng/gMLSS). Except for bisphenol A, 17--ethynylestradiol, 4-tert-octyl phenol and triclosan, all other hydrophobic compounds were present at a concentration of less than 1000 ng/g MLSS, possibly due to faster biodegradation. On the other hand, despite being significantly hydrophilic, carbamazepine and pentachlorophenol were present at concentrations of 7390 and 5700 ng/g MLSS, respectively, underscoring their biological persistence. This indicated that although a relatively stable aqueous phase removal of resistant trace organic contaminants may be accomplished by PAC addition to MBR, the sludge at the time of withdrawal may contain significant amounts of undegraded compounds. This aspect warrants further investigation; however, it is beyond the scope of the current study.
Conclusions
Data presented in this study systematically confirm the following aspects specifically from the point view of trace organic contaminant removal: i) PAC-amended sludge provides a better surface to adsorb more trace organic contaminants and achieve better aqueous phase removal; ii) periodic withdrawal and replenishment of PAC is required for stable removal, and in this case, frequent and smaller-dose PAC addition is preferable; and iii) the extent of biodegradation (transformation) following adsorption onto PAC-sludge is compound-specific. a Source: SciFinder database https://scifinder.cas.org/scifinder/view/scifinder/scifinderExplore.jsf b Source: http://chem.sis.nlm.nih.gov/chemidplus/ c Limit of detection was defined as the concentration of an analyte giving a signal to noise (S/N) ratio greater than 3. The limit of reporting was determined using an S/N ration of greater than 10. na: data not available * Other relevant properties are listed in Supplementary Data Table S1 c Data obtained from a nitrogen adsorption/desorption measurement using an Autosorb iQ.
The measurement was conducted at the Australian Nuclear Science and Technology
Organisation. Pore volume and pore diameter were calculated based on the Barret-JoynerHalenda method. conducted by using ultrasonic solvent extraction method. Sludge was collected from the reactor and then freeze dried for 4 h. Sludge was ground to fine powder using mortar and pestle. 500 mg of sludge was incubated with 5 mL methanol in a 13 mL glass culture tube. The slurry was well mixed by vortex mixer and unltrasonicated for 10 min at 40 0 C and then centrifuged at 2851 x g for 10 min. Decanted supernatant was collected and the remaining solid mixture was passed through another round of extraction process using 5 mL methanol and dichloromethane (1:1, V/V). Supernatants from all extraction steps were combined and diluted with Milli-Q water into 500 mL. Solid phase extraction was carried out before measuring by GC/MS.
